The revitalization of Northeastern China has been an important topic in China in recent years. Sustainable development of cities plays a strong role in the revitalization process. In this paper, we evaluated the sustainability of the 34 prefecture-level and above cities in Northeastern China. The evaluation process was viewed as a dynamic evaluation problem. A dynamic technique for order preference by similarity to ideal solution (TOPSIS) and entropy method was developed by extending the entropy weight and TOPSIS to dynamic situation. It was found that the sustainability levels of the cities in Northeastern China were comparatively low. Only four sub-provincial cities' average performances were over 0.5 (accounting for 11.8%). Except for Jixi, nearly all the cities had dim sustainability because of the lower positive or even negative growth rates. In addition to Shenyang, Dalian, Changchun, Harbin, and Daqing, the other cities performed worst in the economic sustainability with performance values below 0.3. This implicates that the necessity and urgency of improving the economic sustainability levels of the cities in Northeastern China to realize the coordinated development of the three dimensions (economy, society and environment). In terms of the cities located in Liaoning province, they need to pay more attention to the economic sustainability, even though their economy basis (or levels) were comparatively better than that in Jilin and Heilongjiang provinces. For the cities in Jilin and Heilongjiang provinces, the decline of their environmental sustainability was serious. This case should arouse the attention of local authorities.
Introduction
Northeastern China was the cradle of new China's industry that had made a historic contribution to China's reform, opening up and modernization construction. Northeastern China once had 98% of China's heavy industrial bases. However, the decline of Northeastern China was serious with the emerging of institutional and structural problems since 1990. In April 2016, the Communist Party of China (CPC) Central Committee and State Council jointly launched an important policy document entitled "Certain Opinions Regarding the Comprehensive Revival of Old Industrial Bases Including the Northeast" [1] , which underlined the importance and urgency of improving city sustainability in Northeastern China [2] .
A widely accepted definition of sustainability as given by [3] is "development that meets the needs of the present without compromising the ability of future generations to meet their own needs". Sustainability studies are popular for scholars and researchers in a wide range of fields [4] [5] [6] [7] [8] [9] [10] . An effective evaluation of sustainability is very important as it provides a useful framework for better decision-making on all undertakings, such as policies, plans and programs, as well as physical undertakings [11] . However, sustainability is not easily measurable since it is not directly indicated as a natural or direct consequence of the reading of the indicators [12] . A widely accepted approach is about developing a framework or model by involving a number of sustainability criteria. The selection of sustainability criteria is a key factor that may have a great influence on the sustainable performance. In applications, the three-pole or three-pillar model [13] [14] [15] was widely used for selecting sustainability criteria by considering the dimensions of economy, society, and environment, simultaneously. For more references about the selection of sustainability criteria with other considerations, please refer to [16] [17] [18] .
As the matrix of sustainability criteria is usually large and complicated, the evaluation process is viewed as a multi-criteria decision-making (MCDM) problem. The basic MCDM process usually involves the procedures of colleting criteria data, inputting missing data, normalizing actual data, weighting criteria and aggregating normalized data and the associated weights [19] . Even though all the steps are important for the quality of sustainability evaluation, the weight and aggregation steps seem to have the greatest impact [20] . Many weighting methods were used for calculating criteria weights [21] [22] [23] [24] [25] [26] [27] . The entropy [28] is a widely used method. The basic logic of the method is that when the differences between a criterion's values across particular alternatives are larger, the weight is higher. Zinatizadeh et al. applied the Shannon's entropy to obtain the criteria weights used for constructing the composite indicator, which was developed to measure the urban sustainability in Kermanshah [29] . Munier developed a set of sustainability indicators as a baseline to measure the state of a city, where the entropy method was used for weighting the selected indicators [30] . Lin et al. used the information entropy to analyze the sustainable ability of the urban ecosystem in Guangzhou and suggested some measures to promote its sustainability [31] .
The technique for order preference by similarity to ideal solution (TOPSIS) [32] is a popular method used in MCDM for aggregating multiple criteria and ranking various alternatives [33] [34] [35] . TOPSIS simultaneously considers the distances to both the positive and the negative ideal solutions. And a preference order is ranked according to their relative closeness and a combination of these two distance measures [36] . Many studies used TOPSIS as a basic tool for sustainability measurement at different scales, such as international regions, countries, states and cities. Alptekin used the TOPSIS to evaluate the 28 European Union countries and Turkey, and found that Sweden is the most sustainable country among EU countries [37] . Sen et al. evaluated the sustainability of different states in India based on the United Nations CSD indicators framework and TOPSIS and other methods, and found that Maharashtra performed best [38] . Balcerzak et al. used TOPSIS to examine the progress achieved by European countries in the field of implementing the concept of sustainable development and found that the new member states of European Union made a significant progress [39] . Dias et al. applied the TOPSIS to analyze the sustainability of countries at worldwide and demonstrated that the three most sustainable countries were Switzerland, Sweden and Norway [40] . Lu et al. investigated the resource-based cities in Northeastern China by adopting the TOPSIS method [2] . Ding et al. used the TOPSIS-entropy method to quantitatively evaluate the sustainable development of 287 cities at prefecture level and above in China. It concluded that the overall level of urban sustainability in China was not high, and obvious differences existed in urban sustainable development [41] . Liang et al. developed a Grey TOPSIS method for measuring the sustainable capacity of 13 cities in Jiangsu province, China, and found Suzhou had the highest sustainable capacity [42] . Guo et al. studied the urban sustainable competitiveness of 141 cities from 28 Chinese urban clusters in 2009 by using TOPSIS [43] .
The state council approved the 12th five-year plan for the revitalization of Northeastern China in 2012. It pointed out to establish a long-term mechanism for promoting sustainable development of cities in Northeastern China. Therefore, taking the year of 2012 as the base period, this paper evaluated the dynamic sustainability of the 34 prefecture-level and above cities in Northeastern China over the following five consecutive years. The dynamic evaluation results provided more references for cities' sustainable development, including development status, trend, impetus and others. Notably, five years (2012 to 2016) were considered since the data of the criteria built in this paper were only released to the year 2016 at present. Additionally, in addition to the 34 prefecture-level and above cities, Northeastern China also includes an autonomous prefecture (Yanbian Korean Autonomous Prefecture) and a prefectural administrative region (Greater Khingan Range). As the lack data with respect to the two regions, we only investigated the sustainability of the 34 prefecture-level and above cities. The cities were introduced in the following section in more detail.
Many studies were developed to investigate sustainability of objects at different scales in various years [2, 29, 44, 45] . For example, Shen et al. presented an evaluation on the dynamic sustainability performance during urbanization process in the countries of Brazil, Russia, India, China, and South Africa from the year 1990 to 2011. It was found that during the surveyed period the Brazil, Russia, and India had been engaging a sustainable urbanization practice. Whilst the urbanization processes in China and South Africa were unsustainable [46] . Lin et al. assessed the dynamic sustainability of Shanghai from the aspect of tourism ecological footprint. The evaluation results indicated there had been tourism ecological deficit in Shanghai from 2008 to 2013, showing that the pressure of tourism ecosystem was high and the Shanghai tourism was in unsustainable development state [47] . However, for most studies, they did not consider the overall performances of an object on a certain criterion across different years. For example, the criteria weights were usually calculated within a single year and were different in various years. This may reduce the comparability of the evaluation results in different years. To this problem, we extended the mean range normalization, entropy weighting method and TOPSIS to dynamic situation and developed a dynamic TOPSIS-entropy method. TOPSIS method was chosen as both the best and the worst points of view are considered simultaneously [2, 36] . The entropy method was selected for its objective processing process without considering decision maker's subjective judgment. Unreasonable or inconsistent judgments of the decision makers may reduce the credibility of evaluation results. The cities sustainability in Northeastern China was measured based on the three-pillar model by selecting sustainability criteria from economic, social, and environmental dimensions.
The rest of the paper is organized as follows. Section 2 provides a brief introduction of the study cases. Section 3 proposes the dynamic TOPSIS-entropy methods used for city sustainability evaluation. The evaluation results are shown in Section 4. Conclusions, suggestions, and future works are outlined in Section 5. Harbin is the sub-provincial city of Heilongjiang. The locations of the total 34 prefecture-level and above cities in Northeastern China are shown in Figure 1 .
Study Cases
Northeastern China had made important contributions to China's independent and complete industrial system and national economic system. However, with the deepening of reform and opening up, the institutional and structural contradictions of Northeastern China have become increasingly prominent since 1990. This resulted in many problems hindering the sustainable development of Northeastern China, including severe economic recession, greater social security and livelihood pressures, imperfect private economy, lackluster state-owned enterprises, etc. For example, in the year 2014 to 2015, the economic growth rate of Northeastern China was at the bottom and was 1 to 2 percentage points behind the national average [48] . At present, the revitalization of Northeastern China is a core issue and policy-priority for Chinese government. The primary purpose of the paper is to investigate the dynamic sustainability of the cities in Northeastern China to provide more technology or policy reference for the sustainable development of Northeastern China. To achieve this, the following framework is proposed, as shown in Figure 2 , where the key methods are described in the following subsections. Northeastern China had made important contributions to China's independent and complete industrial system and national economic system. However, with the deepening of reform and opening up, the institutional and structural contradictions of Northeastern China have become increasingly prominent since 1990. This resulted in many problems hindering the sustainable development of Northeastern China, including severe economic recession, greater social security and livelihood pressures, imperfect private economy, lackluster state-owned enterprises, etc. For example, in the year 2014 to 2015, the economic growth rate of Northeastern China was at the bottom and was 1 to 2 percentage points behind the national average [48] . At present, the revitalization of Northeastern China is a core issue and policy-priority for Chinese government. The primary purpose of the paper is to investigate the dynamic sustainability of the cities in Northeastern China to provide more technology or policy reference for the sustainable development of Northeastern China. To achieve this, the following framework is proposed, as shown in Figure 2 , where the key methods are described in the following subsections. 
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Criteria for Sustainability Evaluation
The evaluation of city sustainability is not easy since it cannot be directly measured. Generally, a widely accepted approach is to select a set of criteria used for reflecting different dimensions of the sustainable development, such as the economic, social, and environmental dimensions. In terms of city sustainability, there is no a set of common recognized criteria for measuring sustainable development. In this paper, we developed a set of 21 criteria based on the three-pillar model and the combined consideration of the main literature reviews regarding sustainability investigation of Chinese cities [2, 25, 41, 48] and the accessibility of the criteria data. The 21 criteria were grouped into economic, social, and environmental dimensions, as shown in Table 1 . Economic sustainability serves as the guarantee of city sustainability. We considered the quantity of economic growth as well as the quality of economy. As one of the important criteria of economic sustainability, X 1 directly reflects the economic level of an individual city; X 2 indicates the industrial development; X 3 represents the people's consumption level and purchasing power of social commodities [41] ; X 4 was chosen for measuring the capability of enlarging reproduction; X 5 shows the development of the service industry and industrial structure; X 6 reflects the degree of the economy openness of a city; X 7 is an important criterion used for measuring residents' richness.
In terms of social sustainability, we mainly focused on the population of a city, the quality of human life, the development of education and technology, etc. Social sustainability serves as the ultimate goal of city sustainability. Specially, X 8 reflects the distribution and density of population of a city; X 9 indicates the state of unemployment and social stability; X 10 represents the vital interests of workers at present and even after retirement; X 11 and X 12 show the development of education and technology, respectively; X 13 indicates the current situation of medical treatments; and X 14 shows the degree of traffic, which ensures communication and transportation of social and economic activities [41] .
Environmental sustainability is the basis of city sustainability, which primarily focused on environmental protection, pollution controls and treatment in the paper. In Table 1 , X 15 and X 16 represent the situation of green cover within a city region; X 17 , X 18 , and X 21 revel the discharge levels of waste water and two types of air pollutions caused by industrial development, respectively; X 19 reflects the status of solid wastes disposal, and X 20 shows the disposal of waste water.
Dynamic Entropy Weighting Method
Without loss of generality, let x ij (t h ) represent the actual performance value of alternative (city) o i with respect to criterion c j in the year t h , where
The entropy weighting method was selected for its simplification, easy understanding, and objective data information. The basic process of the method is to determine criteria weights through entropy sum on each criterion for all alternatives [52] . Larger entropy sum indicates smaller changes of the associated criterion values. This means the criterion will be given small weight as it has a small contribution to the final evaluation result, and vice versa. More specifically, the entropy of the criterion c j was calculated by:
where k= 1/ lnn is a constant that guarantees
x ij is the normalization value of the original criterion values x ij , and if p ij = 0, let p ij ln p ij = 0.
As the entropy weight was used for dynamic evaluation of cities sustainability in the paper, the entropy sum needed to reflect the change of the criterion values across different years. To achieve this, we extended the entropy weighting method to dynamic evaluation problems, such as:
where
The entropy weight of criterion c j was calculated by:
where w j ∈ [0, 1] and ∑ m j=1 w j = 1. Using the Equations (2) and (3), we calculated the criteria weights as shown in the last column in Table 2 . 
Dynamic TOPSIS Model
TOPSIS was firstly proposed by Hwang and Yoon in 1981 [32] . This method objectively and comprehensively reflects the sustainability level by calculating the closeness degree between an evaluation value and its ideal solutions [41] . We concluded the basic steps of the TOPSIS used for dynamic evaluation problems as follows.
Step 1. Scale the actual criteria values into a uniform range:
, i f c j is a bene f it criterion
, i f c j is a cost criterion
where x max(j) and x min(j) represent the maximum and minimum value of criterion c j across all the evaluation years, respectively, such that
Step 2. Weight the normalized criteria values using the associated dynamic entropy weights calculated by Equations (2) and (3):
Step 3. Determine the best solution u + j and the worst solution u − j on criterion c j :
Step 4. Calculate the distance between the evaluation values of alternative o i in the year t h and the best solution, denoted as d
Similarly, the distance between the evaluation values of alternative o i in the year t h and the worst solution was calculated by:
Step 5. Calculate the relative performance level of alternative o i in the year t h by comparing the distance between the associated evaluation values and the two ideal solutions:
Obviously, C i (t h ) ∈ [0, 1]. When the value of C i (t h ) tends to 1, it indicates better sustainable performance of alternative (city) o i , and vice versa.
Results and Discussion
The actual criteria data were extracted from Liaoning Provincial Statistical Yearbook (2013-2017) [53] , Jilin Provincial Statistical Yearbook (2013-2017) [54] , Heilongjiang Provincial Statistical Yearbook (2013-2017) [55] , and China City Statistical Yearbook (2013-2017) [56] . Based on the dynamic entropy weighting method, TOPSIS steps, and the sustainability criteria, we obtained the sustainable performances of the 34 prefecture-level and above cities in Northeastern China, as shown in Table 2 .
To more clearly observe the change of the cities' sustainability in different years, we drew the graphics about the sustainability development trend of the cities in Northeastern China in 2012 to 2016, as shown in Figure 3 . From Table 2 and Figure 3: (1) The sustainability of the cities in Northeastern China was comparatively low in the year 2012 to 2016. Only four sub-provincial cities' average performances were over 0.5 (accounting for 11.8%), such as Dalian (0.636), Shenyang (0.586), Changchun (0.578), and Harbin (0.510). (2) The sustainability of Liaoning province showed serious decline in the year 2015 to 2016, whereas Jilin and Heilongjiang provinces had various degrees of increase. In Liaoning province, except for Fuxin, nearly all the cities had negative growth rates. This is the main reason of the decline of Liaoning province's sustainability. (3) Jixi, located in Heilongjiang province, had the strongest development momentum, with the highest growth rate (17.23%). Dalian and Shenyang showed significant declines of their sustainability. For example, the growth rates of the two cities were: Shenyang, −1.27% and Dalian, −3.91%. (4) All of the cities located in Jilin province had better development momentum. Especially Changchun had a higher sustainability level and showed an increase trend year by year. The sustainability of Harbin also had higher level and better development trend.
The 34 prefecture-level and above cities in Northeastern China were classified into four clusters by the average performances and growth rates, as shown in Figure 4 . The cities located in Cluster I had higher sustainability levels, with average performance values over 0.5, and better development momentum (positive growth rates). The cities located in Cluster II had lower sustainability levels, but showed better development momentum. The cities in Cluster III had the worst performances and negative growth rates. The cities located in Cluster IV had higher sustainability, but their growth rates were negative, indicating the decline of the cities sustainability. The 34 prefecture-level and above cities in Northeastern China were classified into four clusters by the average performances and growth rates, as shown in Figure 4 . The cities located in Cluster I had higher sustainability levels, with average performance values over 0.5, and better development momentum (positive growth rates). The cities located in Cluster II had lower sustainability levels, but showed better development momentum. The cities in Cluster III had the worst performances and negative growth rates. The cities located in Cluster IV had higher sustainability, but their growth rates were negative, indicating the decline of the cities sustainability. In Figure 4 , only two cities (Changchun and Harbin, accounting for 8.3%) located in Cluster I. In Cluster II, there were 18 cities, accounting for 52.9%. Although these cities had comparatively lower sustainability levels, they showed positive growth rates. However, except for Jixi, the growth rates of all the cities were not very high. Twelve cities located in Cluster III, accounting for 35.3%, among which eleven cities located in Liaoning province. The cities in Cluster III needed to give more attention to their sustainable development, since they had lower sustainability values and negative growth rates. The sustainability advantages of Shenyang and Dalian, located in Cluster IV, were losing for the declines of the growth rates. All of the above indicated that the sustainable development of the cities in Northeastern China was not optimistic. Nearly all the cities, except for Jixi, had dim sustainability as they had lower positive or even negative growth rates.
In addition, the sustainability performances on the three dimensions, economy, society, and In Figure 4 , only two cities (Changchun and Harbin, accounting for 8.3%) located in Cluster I. In Cluster II, there were 18 cities, accounting for 52.9%. Although these cities had comparatively lower sustainability levels, they showed positive growth rates. However, except for Jixi, the growth rates of all the cities were not very high. Twelve cities located in Cluster III, accounting for 35.3%, among which eleven cities located in Liaoning province. The cities in Cluster III needed to give more attention to their sustainable development, since they had lower sustainability values and negative growth rates. The sustainability advantages of Shenyang and Dalian, located in Cluster IV, were losing for the declines of the growth rates. All of the above indicated that the sustainable development of the cities in Northeastern China was not optimistic. Nearly all the cities, except for Jixi, had dim sustainability as they had lower positive or even negative growth rates.
In addition, the sustainability performances on the three dimensions, economy, society, and environment, were calculated using the dynamic entropy and TOPSIS methods. Then, the sustainability levels (average performance values in 2012 to 2016) of the three dimensions were compared in Figure 5 . (1) Nearly all the cities, except for Shenyang, Dalian, Changchun, Harbin, and Daqing, performed best on the social sustainability. Whereas they had the worst performances on the economic sustainability. The average performance values of economic sustainability were below 0.3. Especially for Yichun, Shuangyashan, Hegang, and Jixi, their average performance values were close to zero. Therefore, improving the economic sustainability is the key to the sustainable development of the cities in Northeastern China. (2) In terms of the sustainable development on three dimensions, the cities located in Heilongjiang province had the best performances on social sustainability. The cities in Liaoning and Jilin provinces had a comparable level of environmental sustainability. However, their environmental sustainability levels were slightly lower than that in Heilongjiang province.
We calculated the sustainability growth rates of the cities on three dimensions, as shown in Table 3 . (1) Nearly all the cities, except for Shenyang, Dalian, Changchun, Harbin, and Daqing, performed best on the social sustainability. Whereas they had the worst performances on the economic sustainability. The average performance values of economic sustainability were below 0.3. Especially for Yichun, Shuangyashan, Hegang, and Jixi, their average performance values were close to zero. Therefore, improving the economic sustainability is the key to the sustainable development of the cities in Northeastern China. (2) In terms of the sustainable development on three dimensions, the cities located in Heilongjiang province had the best performances on social sustainability. The cities in Liaoning and Jilin provinces had a comparable level of environmental sustainability. However, their environmental sustainability levels were slightly lower than that in Heilongjiang province.
We calculated the sustainability growth rates of the cities on three dimensions, as shown in Table 3 . The cities located in Liaoning province had negative growth rates of economic sustainability, indicating the decline of economy in Liaoning province was serious. This was the main reason of the decline of the province's sustainability. In terms of social sustainability, only one city (accounting for 7.1%) had negative growth rate. Five cities (accounting for 35.7%) had negative growth rates of environmental sustainability. For the cities located in Jilin province, they all had positive and larger growth rates of economic sustainability, with all the growth rates over 10%. Whereas they had negative growth rates of environmental sustainability. In terms of the cities in Heilongjiang province, nine cities (accounting for 75%) had negative growth rates of environmental sustainability, and three cities (accounting for 25%) and two cities (accounting for 16.7%) had negative growth rates of economic and social sustainability, respectively.
Conclusions and Suggestions
City sustainable development is very important for the revitalization of Northeastern China. In this paper, we dynamically evaluated the sustainability of the 34 prefecture-level and above cities in Northeastern China. The evaluation results provided us more reference about the development status and trends of the cities' sustainability. The main innovation of this research is that the sustainability performances of the cities across different years (2012-2016) were processed and analyzed as a whole, rather than being evaluated year by year with different weights and ideal solutions. This approach improved the comparability of cities' sustainability in different years.
The evaluation results indicated that the progress of cities sustainable development in Northeastern China was slow from the year 2012 to 2016. For example, Liaoning province showed a decrease trend. The main reason is that the decline of the economic sustainability was serious. Conversely, Jilin and Heilongjiang showed slight increase trends. Only four sub-provincial cities' average performances were over 0.5 (accounting for 11.8%). Nearly all the cities, except for Jixi, had dim sustainability for the lower positive or even negative growth rates. In terms of the sustainable development on three dimensions, except for Shenyang, Dalian, Changchun, Harbin, and Daqing, other cities had the worst performance on the economic sustainability. Their average performance values of economic sustainability were below 0.3.
Based on the findings above, we suggested to firstly improve the economic sustainability of the cities in Northeastern China so as to realize the coordinated development of the three sustainability dimensions. However, the improvement of economic sustainability may need a long time as the institutional and structural contradictions have become more and more apparent in Northeastern China. Compared with the cities in eastern coastal regions in China, the equipment and technologies of enterprises in Northeastern China were aged and the leading industries of the cities showed decline. Additionally, the problems of "brain drain" and negative population growth were serious. Some other feasible suggestions were given as follows. The cities located in Liaoning province need to pay more attention to the economic sustainable development, even though their economic basis (or levels) were comparatively better compared with that in Jilin and Heilongjiang provinces. Moreover, partial cities (such as Anshan, Dandong, Jinzhou, Fuxin, and Panjin) in Liaoning province should take action to prevent the decline of environmental sustainability. For the cities in Jilin and Heilongjiang provinces, the decline of their environmental sustainability was serious. This case should arouse the attention of local authorities.
As future work, comparative studies between Northeastern China and other regions in China (such as the eastern coastal regions) or other parts of the world will be considered to discover more detailed reasons about the slow sustainability of Northeastern China. We will discuss the weighting method by considering the interaction among multiple criteria and the development dynamic of an individual criterion across multiple periods. Developing a real-time system to monitor the sustainability of the cities in Northeastern China may also be an important topic of our interest.
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